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ABSTRACT 

The wind tunnel inveiitigationa reported herein are part of an over-all 
program that ha» the ultimate goal of achieving a parachute configuration 
capable of providing aatiafactory performance at nupernonic speed».    This 
program has been concerned with the determination of the problem» in- 
volved and the approaches that should be taken in 'u'.uro test programs such 
as arc being conducted under Contract No.  AF 33(616)-5507 with the Air 
Force.     The Lewis phase of the program indicated the following major re- 
sutts; violent canopy breathing or pulsing tendencies and associated reduced 
inflation and drag characteristics: shock pattern fluctuations which were 
complicated by ;nteraction effects due to material flexibility; and the failure 
of ribbons due to violent osculation of the  ribbon fabric.    In order to estab- 
lish the cause of pulsation as evidenced in the ' ewis program,  a scaled 
rigid model was utilized in the Langley phase so as to eliminate the inter- 
action effects of flexibility.    Although flexibility effect." were eliminated by 
the use of a rigid model at Langley,  the fluctuations and discontinuities of 
the shock patterns were still in evidence.    This condition was attributed not 
only to choking of the flow through the canopy but was also affected by the 
interaction of the shock front due to choking and disturbances from the con- 
fluence point of the lines.    It is indicated from the above that    future test 
programs should consider canopies having much increased porosity,   parti- 
cularly in the crown of the canony.    The results of this program also indi- 
cate that there is a fundamental shape problem which should be considered 
in future investigations. 
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SECTION 1 

INTRODUCTION 

Since successful recovury of guided missile« or portion« of miHsiles 
is often necessary and economically advisable,   it is desirable to inveHtigalc 
the poBsibility of recovering such items by the use of parachute».    The use 
of parachute:! in the supersonic  regime has become more complicated,   how- 
ever,   because the state of the art on parachute design as derived from sub- 
sonic testa fails to produce satisfactory configurations for supersonic pur- 
poses.    Thus,   the purpose of the present program has beei   to investigate 
the possibility of obtaining a parachute configuration which would be suitable 
for supersonic operation.    The use of a wind tunnel  for the establishment of 
the basic parameter relationships is a logical first approach. 

Supersonic wind tunnels capable of simulating performance  require- 
ments have been utilized for these investigative purposes.    Test programs 
in the Unitary Plan Wind Tunnels  at the Lewis and Langley Research Cen- 
ters of the NASA were conducted using fabric parachutes at Lewis  and rigid, 
stainless  steel models at Langley. 

Manuscript released by 'ehe author December  1958 for publication as a 
WADC Technical Report 
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SECTION U 

WIND TUNNEL PROGRAM 

A.        Purpoae 

The over-all purpose of wind tunnel programs in the Unitary Tunnels 
at the Lewis and Langley Research Centers was to achieve the most satis- 
factory parachute configuration for operation at supersonic speeds.    Such a 
configuration would be the one for which flow fluctuations are minimized r nd 
the parachute is enabled to perform in a fully inflated condition,  producing a 
steady value of drag force with satisfactory stability.    It was realized at this 
time that the achievement of a satisfactory configuration could not be accom- 
plished within the contractual time limitation.    Consequently,  arrangements 
were made with cognizant personnel at WADC,   so that the test program could 
be continued under Contract No.  AF 33(616)-5507,  which has similar require- 
ments  relative to high-speed parachute performance.    As a result,   this  re- 
port will discuss the Lewis program and only that portion of the wind tunnel 
program at Langley which is considered to be relative to the subject contract. 

B. Test Facilities 

1. The Lewis  Research Center Unitary Plan Wind Tunnel 

This tunnel,   herein referred to as the Lewis wind tunnel,   was 
utilized for the test program of the nearly full-scale fabric parachutes 
The tunnel is a facility of the NASA Lewis Research Center at Cleve- 
land,   Ohio.    The test section is  10 ft x 10 ft in cross section and is 
capable of a Mach number range of from Z.O to 3.5.    It can be oper- 
ated throughout the entire Mach number range on either an aerody- 
namic cycle at various air densities or on a propulsion cycle.    On the 
aerodynamic cycle,   the tunnel operates as a closed return type tunnel, 
and on the propulsion cycle it operates as an open nonreturn type 
tunnel. 

2. The Langley Research Center Unitary Plan Wind Tunnel 

The Langley Research Center Unitary Plan Wind Tunnel,   which 
is  referred to hereafter in this  report as the Langley wind tunnel or 
facility,  was utilized as  the test medium for the  rigid parachute model. 
The tunnel is a facility of the NASA,   Langley Research Cerdei' at 
Langley Field,   Virginia.    It has two test sections,   each of which is 
4 ft x 4 ft in cross  section and approximately 7 feet in length.     The low 

WADC TR 58-532 



rang«- lest .-.cclion (No.   1) has a design Mach number  rang«« of from 
1.5 to 2.9 with variation »n stagnation prraaure possible up to a maxi- 
mum of approximately 60 psia.    The high rang«- test acction (No    2) 
haH a design Mach number  rang«- of from 2.3 to 5.0.    It« maximum 
stagnation pressure is approxim atrly  150 p.ma.    Each ti-sl srftion will 
permit variation of Mach number at any desired incremt'nt  throughout 
its   range with th«- tunnel operating.     Both stagnation pressure  and 
stagnation temperature may be controlled independently. 

C . Test Models and Equipment 

1. Fabric Parachute Models (Lewis Test Program) 

Two series of fabric parachutes were tested in the wind tunnel 
at the Lewis  Research Center.    The  first group of nine parachutes  was 
utilized for preliminary or exploratory investigative purposes  in an 
effort to establish criteria upon which designs of finaJ  test parachuU-s 
could be based.    Pertinent characteristics of these parachutes,   and 
those used in the final test program at Lewis,   are  tabulated in Table   1. 
Design details are given in Appendix I. 

During the preliminary testing phase,   parachutes were attached 
to and deployed behind a  19 inch diameter jet en^     e inlet upon which 
scheduled tests were being conducted.    AJ1 testa were conducted at a 
Mach number of 3. 5 and at a density condition equivalent to an altitude 
of 70,000 feet.    Parachute action during test was  recorded photograph- 
ically by means of Mitchell cameras   running at  film  speeds  of 1Z8 
frames per second. 

Parachutes used in the final  test program  at Lewis are shovrn 
in Table   1.     These parachutes incorporated some of the changes and/ 
or improvements which were indicated by the preliminary test pro- 
gram.    Installation and deployment of the test parachutes in the test 
section were accomplished by either of two methods.    Most test 
parachutes were installed according to Installation A of Figure   1; 
however,   for two cases,   parachutes were deployed behind a simulated 
missile body as  represented by Installation B in Figure  1. 

Most of the test parachutes  of this fjnaJ series were tested at a 
Mach number of 3. 5.     Tests of one particulair parachute were also 
conducted at Mach numbers of 2. 5 and 2.0 so that the effects of Mach 
number could h* investigated.    All tests were conducted at a constant 
dynamic pressure of 315 psf.    Tests utilizing the test setup shown a? 
Installation B in Figure  1 were conducted with the test parachute 
located 6 and 10 missile diameters   respectively behind the  simulated 
missile body. 

WADC TR 58-532 3 



TABLE 1 

PARACHUTE CHARACTERISTICS AND WIND TUNNEL TEST CONDITIONS 
FOR TEST PROGRAM IN UNITARY PLAN WIND TUNNEL AT THE 

LEWIS RESEARCH CENTER.  CLEVELAND, OHIO 

Parac hutF Charade nilics Teat Condition. 

No Type 

!     Diameter 

i           <f,) 
(Cona true ted 

Geometric 
Poroalty 
(%  ToUl 
Area) 

No. ol 
Gore» 

Mach 
No. 
(M) 

Dynamic 
I Ptif f 

Reynold» 
No. 
(Baaed en 
Parachute 
Diamatir 

(« 106) j                         Remark» 

Modela I laed for Preliminary Teat Pro gram 

469 KLST  Ribbon i            <■" 1      »9. J a 1    3.5 
ill) 

ill 

I Guide Surface 
Rlbleaa 

j            2 • 67 10'/.   .lota 1    8 j    J.5 

KIST  Ribbon !        * N j     26  3 'i      8 I    3. 5 
471 

[   i'tO 
FIST  Ribbon j            4.11 !    u.o 1    a 1    3.5 
FIST  Ribbon 4.Ü0 Variable 

Crown- 13.0 
Sltirt-2 3   0 

i    8 1    J' 5 

vu 1   FIST  Ribbon 4. 14 Variable 
Crown- 13.0 
Skirt-23.u 

1    8 3.5 

■i')) FIST   Ribbon 4. 14 Variable 
Crown- 13.0 
Skirt-23.0 

8 3. 5 Had 1/2 inch rather than 1      I 
inch wide auapenaion lines 

4'fi FIST   Ribbon 4. 10 23.0 16 3.5 1/2 acale veraion of Type 
124 parachute developed in 
«led t.!.t 

1    49') Guide Surfare 
R i bl e H n 

1.25 No »lota 16 5.5 

Mc dela Uaed in I ~lnai Tea t Progr am 

SI) FIST  Ribbon 1.6b 19.2 24       i 3. 5 315        j 1.03 Parachute located 6 miaaile 
dlametara aftof aimulated 
missile bod/ 

SI 1 FIST Ribbon 1.66        I 19.2              i 24      j 3.5 m 1.Ö4 Parachute located 10 missile 
diameters alt of simulated 
missile body                                  1 

S()8 1 FIST Ribbon 1.66        j 19.2 24 S.5 315 1.08         1 
L si _i 
[ si T 
i ',o7 r 

FIST Ribbor 1.66        ! 19.2 24      1 2.5 315        1 2.11 
I- 1ST  Ribbon 1.66        j 19.2              I 24       I 2.0 315        i 2.69         | 
f 1ST  Ribbon 1.66        | Variable 

Crown-20.0 
Sklrt-0           ! 

16 3,5 315        | 1.07 

I £,osi FIST Ribbon 4.00        j 29.'«              ! 16      11 3.5 315        I! 1.14          1 

1  st,6l FIST   Ribbon 3   9Z         ! 5.6              | 16       | 3.5 315        | 1.10          | 
1  SOP [ FIST   Ribbon    | 1.66         [ .0.12            | 24       \ 3. 5 315        | 1. 04 

blCI      Guide Surface 
1   R ililes»                | 

i.Zi         1 20%  alota       i 16      i 3.5 315        1 0.92         1 
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Figvi n 1.    Test Installations  -  Lewis 
Unitary Plan Wind Tunnel 

Extensive camera 
coverage was provided. 
Oblique aide views of all 
test parachutes were 
achieved by the use of a 
Mitchell camera running 
at a speed of 128 frames 
per second.    Schlieren 
film showing the shock 
wave patterns of some of 
the parachutes was ob- 
tained by employment uf 
a 1000 frame per second 
Fastax camera.    A third 
camera,   which was in- 
stalled within a simulated 
missile body,   viewed back 
into the parachute canopy 
to film the parachute mo- 
tions during two high-speed tests.     This was  a  Fairchild i arm'ia 
operated at a film speed of -100 to  500 frames   per second. 

2. Rigid Parachute Models (Langley Test Program) 

The  continuation of the test program  at Langley was  the   result 
of a need to consider the effects of flexibility and flow  field.-, on thi- 
canopy more  fully.     Arrordingly,   a small-scale,   stainless  steel 
canopy was  designed and constructed for use  in the   l  ft  x 4  ft Unitary 
Plan Wind Tunnel at Langley. 

The  parachute configuration selected for testing  in the wind 
tunnel at Langley was  that configuration which exhibited the best per- 
formance during the test program  at Lewis.     This was  a 24 gore,   20 
percent porosity FIST  ribbon parachute.     The  wind tunnel model was 
approximately a  1/4 scale  rigid version of the  fabric parachute.     It 
was constructed of stainless steel to specifications that simulated as 
closely as possible the configuration of the  full-scale  fabric: para- 
chute.     Geometric porosity was attained by appropriate  perforation 
of the canopy.     Twenty-four   1/8 inch steel   rods,  which were utilized 
to simulate suspension lines,   were detachable  from the canopy skirt 
so that changes  in suspension line length could be easily made. 

Information pertinent to the  details of the model  design and 
stress  analysis  is  presented in Appendices II and III,   respectively. 
Typical gore layouts which show the location And geometry of the 
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slot rutouttf are given in Figure 12.    Figure» 13 and 15 nhow the test 
configurations and illustrate the suHpension line length variations 
which were employed. 

The model was mounted in the tunnel teat section by means of a 
sting attached to the crown of the canopy as can be aeen in the shock 
photographs presented in Figures 7,   8,   or 9.    Since flow visualization 
by means of Schlieren high-speed movies was the ultimate piirpcse, 
no balance for obtaining force and moment data was used during these 
ti-sts.    It was felt that efforts to stabilize the flow and minimize the 
flow fluctuations should be pursued to the utmost before any lone 
measurements were attempted. 
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SECTION 111 

DISCUSSION OF TEST RESULTS 

A.        Fabric Parachute Modelg (Lcwia Trsl Program) 

1 Preliminary Test Program 

The purpose of the preliminary testing phase was   to attempt n» 

establish criteria upon which the designs of the  final  test  para* hute.s 
could be based.     In addition,   this  phase of th.- progra.n   furnished wind 

tunnel personnel with some idea of the performance characteristic  i 
which could be  expected from wind tunnel  tests  ol parachutes. 

The  results of prelimina ry testing are briefly summarized m the 

following paragrajihs. 

Film   records  for  FIST  ribbon type parachutes   4^9,   -17^  and 47 i 

(see Table   i   for parachute  geometry and Appendix I   for design details) 

indicated that porosity variations produced little noticeable improve- 

ment in parachute  performance.    All three  specimens experienced 

failure  due to oscillation of horizontal   ribbons  near the skirt.     In each 
case,   the  skirt was   "breathing'   severely at a   rate in the  order of SO 
to 60 cycles.    A comparison of ribbon parachutes 4 69 and 47Z   revealed 

nothing significant in the  way of    scale" effect in terms of over-all 
canopy characteristics. 

A Guide Surface  Ribless  parachute (No.   ZIO)   failed at  the  slots 

after only a few seconds  of operation.     Progressive  canopy  failure 

followed. 

Tests of parachutes  490,   49^,   and 493  failed to .^how noticeable 

improvement in the oscillation and pulsing  tendencies  with changes  m 
skirt porosity and in ribbon spacing.    Structural improvements  wen; 

achieved,   however,   because of these changes. 

A ribbon parachute with variable porosity (No.   493)  was  de- 

signed with  1/2  inch  rather  than  1  inch wide  suspension lines  with the 
expectation of obtaining an indication of the  over-all  disturbance 
caused by shock waves  from the individual lines  stretched out. ahead of 

the canopy. 

WADC TR 58-532 



- Wiir     ii> 

Parachute 495 wa« designed TH a 1/2 »calc version of the most 
successful ribbon parachute developed during a sled test program at 
Edwards Air Force Base,  California.    It was a 16 gore,   half-scale 
version of the Type  124 parachute (Reference  1).    Gtrometnc scaling 
was carried out in all details.    This parachute,  with an increased 
number of gores,   demonstrated some  reduction in the oscillation and 
pulsing tendencies seen with parachutes 490,   492,  and 493. 

Parachute 496 proved to be quite stable for a period of 5 seconds 
at which time the  roof of the canopy failed, 

.- Final Test Program 

a. Test Results 

^ 

Parachutes used in the final phase at the Lewis facility in- 
corporated such changes and/or improvements as were indicated 
by the preliminary test program.    These parachutes along wi'uh 
some of their geometric characteristics are tabulated in Table   1. 
Design details are presented in Appendix I. 

Sufficient test parachutes were available so that the effects 
of variations in Mach number,  number of gores,   and porosity 
could be investigated.    Ribbon parachutes with 16 and 24 gores 
and porosities  varying from 5 to 30 percent were utilized,    A 
variable porosity canopy (sec Table  1) incorporating high porosity 
at the crown and zero porosity at the skii t. was inciuded da one of 
the test parachutes.    This was because during the preliminary 
test phase a large number of failures occurred in the horizontal 
ribbons near the skirt.    It was suspected that this might be the 
result of normal shock movement or buzzing in and out of the 
mouth of the canopy.    It was anticipated that varying the porosity 
distribution over the canopy might reduce buzzing effects. 

Guide Surface Ribless type parachutes tested at the Lewis 
facility differed mainly in amount of slot opening.    In the pre- 
liminary phase at Lewis,   two Guide Surface Ribless parachutes 
with no slots and 10 percent slots,   respectively,  were tested. 
During the final phase at Lewis, 'an addiKonal 20 percent slot 
Guide Surface parachute was tested.    In all cases,   the parachutes 
failed at the slots after only a few seconds of operation indicating 
that the structural properties of this type of parachute were such 
as to prohibit its use for reasonably desirable testing periods. 
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Ti?»U» of the fabric p.i.-.i, i .;.     during the fin«! phauc at ihr 
Lewis facility indicated that with the «•Kccption of Mach number 

effects, no dmccrmble effect« of poronity and number of gores 

could be ascertained.    All testH indicated severe fluctuation» in 
the air flow ahead of a parachute canopy and attendant erratic 

behavior of the r anopy and its  drag producing capability. 

The phenomena observed during the test program at Lewiu 

indicated the  presence of a  fliK tuating shock pattern ahead of the 

canopy with a normal shock oscillaling between a point adjacent 
to the parachute skirl and a position somewhat upstream of the 
canopy.    In addition to the normal  shock a conical shock was 

observed which appeared to originate at the point of confluence 

of the suspension lines.      I his point of o ngmation at the con- 

fluence point could not be confi rmed.however,   because of the 
restricted field of view afforded by the Schlieren window 

The fluctuation of the shock  pattern could be correlated to 
some degree,   with the large magnitude  "breathing action    of the 

parachute canopy with inflation varying from  70 percent of nor- 
mal inflated diameter to as  little as   30 percent of inflated diame- 

ter.    Typical  film sequences,   shown  in Figures 2 and 3,   illustrati 
the   "breathing    or pulsation cycles  ol four  FIST  ribbon para- 

chutes as  tested at a Mach number of 3. 5 during the Lewis wind 
tunnel program.    Pararhule inflation and drag charac te r i s ü cs 

are  discussed in greater detail  later  in this   report.     In addition 
to this erratic  inflation behavior,   a parachute was observed to 

oscillate with the escalations  becoming more  violent as   ribbons 
f ail e d. 

The  phenomena described above were observed at all 
Mach numbers   but were  especially  pronounced at the  highest 
test Mach number of 3. 5.    Somewhat  less violent action was  in- 
dicated at a Mach numbe r of 2. 0. 

Two  factors,   acting either  independently or simultaneously, 
were believed to be   responsible for  the erratic  behavior de- 
scribed above .     These were; 

(1) The  flexibility of conventional parachute" materials 
and structure,   which permitted  the  excessive  pulsation of 
the canopy and lines 

(2) The   "shock  tickler" effect (References   3  through 6) 
due  to  the  orientation of the  suspension lines  and their 
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11 

13 

Parachute S/N 508M 
Diameter 3. 66 ft 
Porosity  19.2 Percent 

Parachute S/N 509M 
Diameter 3. 66 ft 
Porosity  10. l^i Percent 

Figurp ^.    Pul.satiori Cvrles nf 24 Goi-e  FIST Ribbon Parachutes 
in Wind Tunnel Tests at M =  3. 5 (q =  3 1 5 psf) 
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13 

Parachute S/N 505M 
Diameter 4 ft 
Porosity 29.4 Percent 

Parachute S/N 506M 
Diameter 3. 92 ft 
Porosity 5.6 Percent 

Figure  3.     Pulsation Cycles of 16 Gore  FIST  Ribbon Parachutes 
in Wind Tunnel Tests af M  = 3.5 (a -   315 DHD 
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.. confluence point upstream of the canopy, which occurs in 
supersonic How and tends to place the canopy in a low ener- 
gy, highly turbulent flow region.    For a particular cun/igu- 
ration,  this action may lead to severe reduction of the para- 
chute drag-producing capability.    This factor and its possi- 
ble influence on parachute drt.g are discussed in Appendix 
IV of this  report. 

It was apparent that the interaction of these two phenomena 
was complicated and wruld tend to obscure the configuration 
characteristic:» responsible for the observed behavior.    Dynamic 
effect« due to the pulsation tendency oi the canopy complicated 
the situation so much that the pressure system which caused the 
erratic behavior was alte red beyond recognition. 

b.        Parachute Inflation and Drag Characteristics 

Film records of the final tests at the Lewis Research Cen- 
ter indicated that all parachutes tested at a Mach number of 3. 5 
exhibited rather poor inflation characteristics.    The degree of 
inflation of any test parachute at any time during a test run was 
difficult to ascertain from the films because of the constant 
pulsing or breathing action that each parachute experienced 
during its  run.    Figures 2 and 3 give some indication of the pul- 
sation cycles of various  ribbon test parachutes.    It was estimated 
that the maximum inflation of any ribbon parachute at any time 
was never greater than about 70 percent of the maximum inflated 
diameter. 

The poor inflation characteristics were further corroborat- 
ed by the low magnitudes of the recorded drag values provided 
such values can be treated as absolute values.    The validity of 
these data must be regarded with some suspicion,  however,   be- 
cause of difficulties encountered in the response of the measur- 
ing system and in the interpretation of the scatter which was 
present in the Brush records.    Although the accuracy of the drag 
data as shown in Table Z is questionable,  it is believed that such 
•ata are sufficiently reliable to warrant the following discussion 
and/or analysis. 

An attempt has been made to correlate the drag coefficients 
of various  ribbon test parachutes with that obtained from a theo- 
retical expression derived in Refererce 2.    The expression from 
Reference 2 for the fore drag of a ribbon parachute in dimension- 
less form and as a function of the inflated area is given by 
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TABLE 2 

DRAG DATA FROM LEWIS WIND FUNNEL I ESTS 
(q =  315 pnO 

Test 
Run 
No. 

1 

I 

3 

4 

5 

6 

l 

8 

9 

10 

Geometric 
Porosity 

Parachutr   (% Total 
No. Area) 

513 

514 

508 

511 

512 

507 

505 

506 

509 

510 

19.2 

19.2 

19.2 

19.2 

19.2 

Variable 
crown-20. 0 
skirt-O 

29.4 

5.6 

10. 12 

20% slots 

Area 
(ft2) 

Constructed Inflated 

Draß 

Coefficient 
Ma^h   Drag   (Based on In- 

No.      (lb)     flatedArea) 

io, :, 

10. 5 

10.5 

10. 5 

10.5 

10. 5 

12.6 

12   1 

10.5 

8. 32 

•1.67 

4. 67 

4. 67 

4.67 

4. 67 

4.67 

3. 5 ns 
3. 5 soo 
3. 5 4 50 
2, 5 65U 

2. 0 QQO 

3. 5 J50 

0.296 

0. 34 0 

0. 306 

0. 442 

0.612 

0   Z38 

where 

K- 
pf. 

CD ^ 
^R    A 

A 
o 

^N fore drag coefficient 

K. 
c 

r 
M 

shape factor   =   0.96 (cons.der.ng a r.bbon 18 a t 
dimensional flat plate) wo- 

stagnation pressure after normai shock in terms of 
free stream static pressure 

specific heat ratio    =    1.4 (for air) 

Mach number 
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Ao 

■   parachute n Aidny factor  f 1 -       P°   ^- j 

ratio of inflated area to conntructed area 

J 1ST ribbon parachute 
•t/9 for 

The bade drag coefficient of the parachute i» given from 
Reference 2 by 

D B 

0.83 

M2 

since Reference 2 shows  results which indicate an average pres- 

sure ratio (Pn/P/j-) ) value of 0.42 is satisfactory for use over a 
wide range ol supersonic velocities. 

n 0, 11«' 1 s '» / X 74 fjom irwiAO«)M '.    VM   \ 

A o» « OOf I s /* «* '«  COMf rf^uvftCMufr   vm 

U 0. l «r T s ^  »X It  CO« ir*»A/t«titr    vici 

0 D» 1 ur r s (O i?X M 60«l trMACHUTf   V)«l 

usi«fö  TMro*v  of   mnmtmct  i 

Thus,   by the use of the above fore and base drag expres- 

sions,   it has been possible to calculate the tota^ drag coefficients 
of four  ribbon parachutes of different porosity and at Mach num- 

bers for which experimental data were obtained from the Lewis 

tests.    A comparison of these theoretical and experimental 
values is  shown in Figure 4.     This figure shows  that the agree- 
ment between theory and 

experiment is fair at the 
lower Mach numbers  where 
the experimental value iu 

approximately 80 percent 
of the theoretical.    This 

agreement varies with 
Mach number until at Mach 

3.5 the experimental value 

is only 33 percent of the 
theoretical.    These com- 
parisons have been based 

on the expected full infla- 

tion areas of the para- 
chutes; however,  on the 

basis of a maximum in- 
flation of only 70 percent 

any agreement such as r-      „    ^      <- r r- 7    6 figure 4.    Comparison of Expen- 
discussed above must be       t  i       J rr-, , mental and Theoretical 
assumed to be entirely r» ^      ,,. 7 Drag Coefficients 
fortuitous. / 3 s t       it {q = 31b psf) 
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Although «omc doubt fxtHt« with regard to the cxpcrim*,n- 
tal drag value« obLunod during thr Cleveland testn.  eno»igh 
evidence in the form of motion picture» extatH to indicate thai 
the inflation characteriHtirH of the tent parachuten at HupersonM 
»fM'edu were extremely poor.    Thus, the parachuten were mil 
developing their full drag potential.     Further dis« unmon uf a 
poHHible cause for the  reduced drag and inflation characterm- 
ticH is given in Appc'ndix IV where a comparative analysis of 
the parachutr IHHV with a blunt body -  nose spike configuration 
in considered. 

The reduced drag and inflation problems encountered in 
the Lewis  wind tunnel  program  were  also observed in extensive 
supersonic  flight tests  as   reported in Reference  7.     This   refer- 
ence (Reference 7)  refers  to recovery tests of a supersonic 
flight lest vehicle wherein various  test parachutes  were utilized 
as the  first or braking stage of a vehicle recovery system. 
These  first stage  test parachutes  were  conical  and shaped  rib- 
bon parachutes,   which were deployed at  speeds  up U. a Mac h 
number of 2. 7 at altitudes  from   1 6, 000 to <i3, 00Ü feet      In addi- 
tion to  reduced drag and poor inflaUon,   these test parachutes 
exhibited many of the undesirable characteristics which were 
observed in the Lewis wind tunnel.    Among these were:    fre- 
quent failures of shroud lines at loadings  from   1/-I  to   1/J   ol 
allowable load;  and numerous instances of skirt  ribbon  failure1 

and flutter. 

3. Test Program Continuation 

Although the results of the test program in the NASA facility at 
Cleveland were negative with respect to achievement of a satisfactory 
parachute configuration,   the  results  served to establish the approac h 
which should be taken in future work.    These results indicated that 
the effects of flexibility on the flow characteristics could be consid- 
ered more fully by isolating the effects of elasticity.    This could be 
accomplished by utilization of a rigid model in a continuation of the 
program in a suitable supersonic v/ind tunnel.    Some of the variables 
which would be considered in a new or continued program would be 
suspension line length,   confluence point location and the apex angle 
at the confluence point.    Accordingly,   arrangement« for a test pro- 
gram in the Unitary Plan Wind Tunnel at the Langley Research Center 
of the NASA were finalized. 
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B.        Rigid Par.Tu:huU.- Mod»»la 

1.        General 

RcHuIt« of the te-Hl program »n the Langley Rr»Hcarch Center 
Unitary Tunnel wer«* obtained «n the form of visual and film obsrrva- 
tion« of the flow patterns about the canopy.    Consequently,   the follow- 
ing will be limited to a presentation and discusnion of these observa- 
tions as they pertain to particular configurations.    A general tabula- 
tion of those observations or results is given in Table  3.    The configu- 
rations tested during this program differed mainly in suspension line 
length as follows: 

(I)       Canopy alone { ^ID    = 0) 

(1)       Canopy plus short suspension line system ( -vD     -1.0) 

(3)        Canopy plus long suspension line system ( */D    - 2.0). 

The -vD    values  shown above  refer to the suspension line length 
normal to the canopy skirt in terms of the constructed diameter (M 
inches) of the parachute model.     The variations listed above are illus- 
trated in Figure   15. 

1. Canopy Alone ( ^Do = 0) 

Tests of the canopy-alone configuration at Mach numbers of I. 3, 
2.9H,   3.S.  and 3.7 1 indicated that,   in all cases,   the flow through the 
canopy was choked and spilling over as shown in parts of Figures  5 and 
6.     Two shock formations may be observed from these figures.    One 
was usual  and the other had a blister effect as shown in Figures 8 and 
9.     Enlargements of typical frames  from the high-speed Schlieren 
movie film as seen in Figure 5 illustrate the variations in flow char- 
acteristics with Mach number which were seen during tests of the 20 
percent porosity,   canopy-alone configuration. 

Parts (a) and (b) of Figure  5 in particular,   exemplify the in- 
consistencies in flow pattern which were observed many times during 
this test program.    The patterns seen were all obtained from the 
same test run of the 20 percent porosity canopy at a Mach number of 
2. 30.    There was no change in the model or tunnel characteristics, 
and yet two distinct variations in the appearance of the shock pattern 
were evident.    One explanation for the above considers that the shock 
pattern ahead of the canopy was alternating between the two patternb 
shown in parts (a) vid (b) of Figure 5.    It is believed that this 
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TAB1 E ) 

RESULTS OF WIND TUNNEL TESTS IN UNITARY PLAN WIND TUNNEL AT 
THE LANGLEY RESEARCH CENTER.   LANGLEY FIELD.   VIRGINIA 

Tf»l   (.nufij.Mir.itlDi. 

/ü%  Porosity Canopy 
without  I.u.i". 

.M %   Porosity Canopy 
without  Lint's 

.U)% Porosity Canopy 
plus Short Suspension 
1,1 nr System  (A /D     --10) 

^0% Porosity Canopy 
Plus Long Suspension 
Line System {//D    =2.0) 

Ma< h No 

£. )0 

98 

50 

71 

.00 

.04 

. 35 

60 

60 

70 

90 

90 

57 

87 

z. 16 
2. 30 

2. 98 

3. 71 
3. 20 

3.71 

{)y n.irii ii 

P ( r • »ii r i 

(paO 

200 

200 

2 00 

200 

200 

200 

150 

125 

150 

140 

115 

. 15 

200 

200 

200 

200 

200 

200 

100 

200 

Alia« - 

(«irjjrrrl 

0 

o 

0 

Ü 

0 

I . 0 

0 

0 

0 

0 

4. 0 

0 

0 

0 

0 

0 

0 

0 

flow Cha r 4( li r 11 in ■» 

Unsteady   •  ■ hanKrd from 
unnyn nirtrual   bulging 
»hoik   front   to  lymmrln 
< al  shock   front  during  Ir-.l 

Steady 

Unsteady 

Steady 

Unsteady -  Uns ymnie t n« al 
bulging slux k  front 

Steady 

Unsteady  -   uns yrnmel rn .il 
bulging »hock   front 

St eady 

Unsteady  -  unsymmelrual 
bulging shock  front 

Steady 

Steady 

Steady 

Uns teady 

Unsteady 

Unsteady 

Unsteady 

Unsteady 

Unsteady 

Unsteady but improvement 
over  previous configurations 

Unsteady but improvement 
over provious configurations! 
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(.i)    M   •  I    »0 (Camera Sprcd 
^l')0 f: inri  per  second) 

(b)    M   ■  I. 30 (Camera Spc-.-d 
<!160 frame»  p«-r  iriond) 

(c)   M = . . 98 (Camera Speed 
1440 frames per second) 

(A)   M   -    (. so (Camera Speed - 
I ''.! 0 I r.imi- s   pf r  SIM: und ) 

(e)   M  ^  3. 71  (Camera Speed  - 
I H00 frames   per  -.etond) 

Figure  5.     Shock Pattern Photographs  -  20 Pe'-cent Porosity Canopy 
without Lines (q = ZOO psf) (u  = 0°) 

* 
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(e) M = 3.60 (q = 150 psf) (a = 0°) 
(Camera Speed - 2280 frames 
per second) 

(fl M = 3.70 (q = 140 pif) (a = 0°) 
(Camera Speed - 1800 frames 
per second) 

(g) M = 3.90 (q = 115 psf) (a = 0°) 
(Camera Speed - 1860 frames 
per second) 

(h) M = 3.90 (q = 115 psf) (a = 4° 
(Camera Speed - 1860 frames 
per second) 

Figure  6 (cont'd).    Shock Pattern Photograph -  24 Percent Porosity Canopy without  Lines 
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viHjhlc on ihc film. 
r iv,,.   '0 nerccnt porosity model 

Mo,, of .he ranopy-.lone .e,U o.   ^ •;0 ^    ^ J^      Th,9 ,„„,  
i   ~f  r«t-irv molion within tn«' canupy. 

.xh.b.ted rather violent ^J ^        tcst al a Mach number of Z   i. 
NMa.s particularly noticeable during the  tc   i ^^ Ma   ^ 
A great deal of c anopy breathing or puls:ng was  also 

numbe r. 

s„rh a, observed .n .hese .es s "J^J^Zl^n wind .unne. 
alone configurauon,    were »1;° ob3 _ ^^f,^,,,, diam(.,t.r.   r.bbon 
leh,3 of a 10 pereen. poros.ty,   2. 5 mch .n. Th,. „,„,,„, 

paracho.e canopy a, a Mach ^ ° „ e        ^7™ was ,,.,.,- 

r :;::::he - rr ^ ^;-::;-;:--r 
^ra::r.r.:r:ft

ltCen::T=eS
S
0.bha. ,h. effect of .cafe 

or Reynolds number were insignif.can,. 

In order .o reduce .he effec.s of cHoK.ng    the numb      c     ^ 

in the canopy was .ncreased.    Th.s *"^one by ^'^ol .he e.gh.h 

rlbbo„ («fth up from .he sk.r.) and 8^7;tr'i
<:

c
al

co
P°r,le,(.  rpmova, of 

modified canopies  can be seen in Figure  12. 

4-^A Vw «VIM above increased the 
The addU.onal °^ ^T^V*^ porosUy of appro*.- 

geome.r.c poros.ty about 4 Percent t0 g wa3 apparently no. 
L.ely « percent.    This -crease   n poro-    ^      ^ ^ ^^_ 

[^-^ut^r^X^ m.erna. rotary mot.on 
l^cb was witnessed for .he 20 pereen. poros.ty canopy. 

The abo.e md.cates .ha. ^-^IZ^lZlZt ».en- 
::rt::.s^rrrr^Vr:rarrni^eofthPolVe- 

rriTfirr::: m r:::;; ^re1-;::! sho. a.y.he 
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canopy nkiri and caicuUting the critical area ratio» at which choktitK 
occurs.    The method and nample caiculauon« for determining the 
porosity required to yield a zero spilluver condition are »hown in 
Appendix V.    A curve of this calculated poroaiiy as a fun   tion of Mac h 
number is shown in Figure   19 

The i-\ percent porosity canopy-alone configuration was tested 
at Mach numbers of 3   0.   i.04.   3.35.   3.6.   3.7.   and 3.9.     The photo- 
graphs shown in Figure 6 indicate thai the variations m shock pattern 
which were observed were completely haphaxard and impossible    to 
correlate.    However,   once a particular flow condition was established, 
it remained so for a ppriod of time and was completely independent of 
Mach number,   dynamic pressure,   and even angle of attack.     It ks  sus- 
pected howc/er that,   in the case of a flexible canopy,   interaction effects 
would cause fluctuations of the established flow condition. 

3. Canopy Plus Short Suspension Line System ( -w D    =   1 . Ü) 

Prior to modification from 2.0 percent to Z4 percent porosity, 
the canopy was tested in conjunction with both   "wD     -   1.0 and   */D0   - 
2.0 suspension line systems.     Tests on the canopy plus short lines 
{ */D    -  1. 0) were conducted at six Mach numbe rs varying from  1. 57 
to 3.71.     Figure 7,  which is composed of enlargements of typical 
frames  from high-speed Schlieren movies,   indicates  considerable 
whipping motion of both the bow wave and normal shock. 

There was little noticeable difference in the performance of 
the modelatMachnumbersofl.57,   1.87,   and 2. 16.     The flow was 
generally unsteady at all of these Mach numbers.    Since a Mach 
number of 1.57 is  the lowest which can be obtained in the  Unitary 
Tunnel at Langley,   it was impossible to determine any effects at Mach 
numbers less than 1.57.    Parts (a),   (b) and (c) of Figure 7 show the 
variations in the appearance of the bow shock at Mach numbers of 
1.57,   1.87,  and 2. 16,   respectively.    Typical three-frame sequences 
as shown in the figure give some indication of the fluctuation and dis- 
tortion tendencies which were observed during this series of tests. 
Fluctuation or distortion of the bow wave during the M =   1.57 to 2. 16 
series of tests was occurring at a rate of approximately 350 cps . 
This  rapid distortion action of the bow wave was apparently caused 
by the tendency of the normal or secondary shock to detach from the 
skirt of the canopy and move upstream,   thus distorting the bow wave. 

A 1 degree angle of attack at a Mach number of 2. 16 had little 
effect on the unsteady flow characteristics  of the model. 
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1   » • •   r" 

1 £^M 
igSß:    : 

BM«. 

SB 

-^fcaj J ttä 
(a)   Sequence of Three Coniecutive Fr&met Showing Variation In Appearance of 

Bow Shock at M »  I. 57 (a » 0°)    (C.-\mara Soead -   1560 frames oer «^rondt 

(a)   Cont'd) (b)   M = 1.87 (a = 0°) 
(Camera Speed -   1920 frames  per secut.d 

(b)    Cont'd. (b)    Cont'd. 

Figure 7.    Shock Pattern Photographs  -  20 Percent Porosity Canopy Plus 
Short Suspension Line System ( J, /D0 = 1. 0) (q = 200 psf) 
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(t )   Sequence of Three Con«ecutive Frame« Showing Variation in Appearance of 
Bov/ Shock at M a 2. 16 (a ■ 0°) (Camera Speed -  1500 frames per second) 

(c)   Cont'd. (d)   M = 2. 30 (Q = 0°) 
(Camera Speed - 480 frames per second) 

(e)   M   -  I. 98 (o   -   GO) 
(Camr-a Spied  -   960 frame!* per  second) 

(f)    M  =   3. 71   (Q « 0O) 
(Camera Speed  -  480 frames  per  second) 

Figure 7 (cont'd).    Shock Pattern Photographs - 20 Percent Porosity Canopy 
Plus Short Suspension Line System { £ /D    =1.0) 
(q = 200 psf) 
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SirmlAr .ii tinn In thai (J;NI .in-trfl abovr w.m  uul;. .tit <i u. ir-.!,   ,>i 

Ihr model  at M;u h nunh.Tn  .>:  .1    5U,   J   '»8,   .md   1.  * I        P.. r!-   (<J),   (••) 

and If)  i>:' fi^tn-   7 arr  lypi.al  ui lh«'  >h«>i k patlrnm  ,n   ihi-ir   Mai h 

num b<- r n . 

Ihr  i n fl'im, r ii(  l hi-  H h« >, ^   v. iw <•  fl .u tuntinn ami 'li - li > r 11. HI  t< v 

iifVii u* s ,   a <  seen  fn r  this  i unfi^ii rat.mi ( Ki ^ i ri    7)  i «  < oni i dr ml ; i,  ! I.. 

c xplanatory di > i us s inn o I  tin-   rrdu» <• d tlraj^ and inflatiim c h.i ra, i. r ; s 

111 ■)  ^s . i n in Apprndix IV' 

-}. Caiujpy Plus  Long Suspfnsion I.mf Syslt-tii ( ^   I) -   ' ) 

1"«' s t s o !  this  t onligu rat.on w. «• re . mid u tt'd at  \'. a. h  n mi (>. r •-  ol 

^.98     l.du,   and   J.71.     Photographs  jf the  shock  patti-rns  at  Mai h 

ri'irn he rs  o;'   )   ^0 and  3.71  arc  given  in pa i ts  (a)  and ( h) ,    r«-.s pi-, ti vr 1 \ , 

ol Figure  8      It mav bt- been from  this  figure  that flow londitious \>..-i< 

(.»)    M       3.20 (q  --   100 psf} 
(Camera Speed - 2160 frames per second) 

(b)   M = 3.71 (q = 200 paf) 
(Camera Speed -  480 frames  per oec ond) 

Figure  8      Shock Pattern Photographs   -  Z0 Percent Porosity Canopy   Plus 
Long Suspension Line System (-^/D0   -   Z.0) (a  = 0°) 

somewhat improved over those occurring for previously   tested con- 
figurations.     The fluctuation of the  bow shock was   relatively   insigni- 

ficant at Math numbers of 3.Z0 and 3.71.     However,   at M  -   3.Z0,   the 

normal shock tended to detach from  th    canopy skirl,   move upstream 
and back and then reattach.    No such normal shock action was noted 
at the 3.71  Mach number since the normal  shock seemed to  remain 
attached to the skirt of the canopy.     Considerable suspension line 
bending was noted for the M = 3.20 case,   but not for the higher Mach 
number of 3.71. 
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SECTION IV 

CONCLUSIONS 

The preceding dincussion uidicates  lh.it the problems or  faclur»  in- 
fluencing the performance of parachutes at auperHonic  speeds are manifold. 
Some of the more important of these problems are discussed in the follou:ng 
paragraphs.    In additior.,   some general  remarks  regarding considerations 
for future test programs  arc included. 

It may be concluded from the Lewis wind tunnel program  that the 
following factors have been responsible for the  results achieved there: 

(1) Violent breathing or pulsing 

(2) Reduced inflation and drag associated with (1) above 

(3) Interaction effects  due to flow characteristics and canopy 
flexibility 

(4) Oscillation resulting in failure of materials at relatively low 
loading conditions. Material failure was due to fatigue rather than 
loading. 

Obviously then,   in the development of a parachute configuration suit- 
able for supersonic operation,   effort must be directed toward resolution 
of the problems as given above.    In  this  regard the logical approach to be 
pursued as a  result of the Lewis tests was  the one taken in which the effects 
of flexibility were canceled by the use of rigid models.    This was the  recom- 
mendation of these Laboratories and the main purpose for instituting the 
Lang).cy program. 

The  results of tests in the wind tunnel at Langley indicated that vari- 
ations in the shock patterns were completely haphazard and relatively inde- 
pendent of Mach number,   dynamic pressure,   and angle of attack.    In addition, 
shock pattern discontinuities and unstable flow characteristics  at particular 
Mach numbers were observed for most of the test configurations .    Informa- 
tion reported in Reference 7 relative to the flow characteristics of a 20 
percent porosity 2. 5 inch canopy-alone  configuration tends to substantiate 
the occurrence of these discontinuities and unstable flow characteristics. 
Further comparison of the characteristics of Reference 7 with the current 
program indicated no effects of Reynolds number. 
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Some knowledge of ihe porovtly required to reduce the  wr-vrrr » hoking 

conditions which w«rre in evidence was  realised by asnuimnft Ma* h I   C flow 
m ihe canopy .ilots* and calculating the critical area ratio;* which will givt- 

zero spillover a« illuatr<ited in Appendix IV      The  reMult« of ihrs«- t aU ila- 
liona are shown in Figur«*   19 as a function of Mach numbrr       I h<-   rrqwin-d 

poroHity varir«  with Mach number from   11   pi* r. ent at Mar h  1    ^ to .!'*   ^ [)•• r 

cent at Mach  1. 0. 

It should be noted that at all Mach number« the lalculated poro-: t ;«••. 

are higher than those normally used in conventional parachute  designs  arni 

alt^o higher than those used in the parachutes  and models  tested to d.itr 

Hence,   no actual test data are  presently available and therefore,   a ful-jre 

test program should be directed towards the  examination of parachutes  v.; t K 

very high geometric  porosities.     In order to obtain an adequate  spread  in 

the data the best approach would be to construct a series of models wit}-. 
porosities   ranging from  2 5 to 45 percent. 

In order to determine  the characteristics of the  various  models  being 

tested so that the behavior of actual parachutes can be predicted,   ;t veil!  Ijr 

necessary  to measure pressures  at  various  point  inside  the  i anopy.     Also, 

since  full inflation of a parachute   results in tensile stresses  in the  skirt 

ribbons,   strain gages should be employed to determine the  tension in the 

skirt.     This information would aid in the dete rmination of a pa rac hüte c on- 

figuration which would give a fully inflated condition. 

Since the   results of this program have indicated the need for further 
development work,   future wind tunnel test programs  (carried on under 

Contract No    AF 3 3(6 1 6) - 5507)  will employ test models with which the  effei Is 
of higher porosity < n flow stabilization will be studied.    In addition,   the 

effects of vents and their size,   slot orientation,   clustered parachutes,   other 
parachute  types,   etc. ,   will  be considered in future test programs. 
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APPENDIX I 

FABRIC  PARACHUTE  DESIGN 

A Int roihu t ion 

l l.rcc guide  su rlai «■   r iblri s  pa r.n h it«,%»  and   II   I- IS 1'   r i bhi'n  pa r .n I, . !■ -^ 

\^ r r »• df signed lo r  high- .Hpt'»,<i  v>. ;n(] t inrnT   11- -^ t -.        I hi-    ih'i'* I; ■. •■ ^  writ-      ( i i 

to dcti-r" .nc  and hr.ukff  th«-  paranu'tcr^  uh:. h vula   .tal;il.!\,   .n.d {Z) 

r-Mabiish the  strength ol  the  rn.ilr r la! s    ised. 

Past experiem r  in  the  design ot h:^li-s pci-d para« hute.i   [)la\i'd .1  maiof 

r.il c  in  selecting pt^üp'1 r  materials v, IIK Ii 1 o ild withstand  [ire -.i . t r  i undi t inn^ 

m s ipe rsunu   llov. . 

The range of variables and des ign p rov <■ d>i IT a r-c o i tl inrti hf n-i n lo f 

both types of fabru .anop.es under ^t'.idy as high Math dra^ deviii-.i II.. 

ba^ ic  i onfigu rat ions  \M' rv alternd a--,   the  ti- -. t   program  pro^r !•-. MI d . 

1 Guide Surl'ai e   Rible-,s   Para, hales 

The  three  guide   surface   nble.-iS  (G..S   R   )  parachu(e>  had  ,1   I 

per.ent   vent   i.rea  with  0.    10,   and Zu  percent   slot>,    respe. lively 

All  dimensions  of the  individual  gore.s  were a  iuiu tion ol   diameter 

whuh varied from  1   67   feet  to  3.^5  feet.     The suspension lines  y.ere 

one  diameter  in length  from   the  skirt   lo  the  conflueni e   point 

A  more  detailed  list  of materials  and gore  geometry  is  ^iven 

in Table  4.     A lypual  layout of the   roof panel  and guide   -.urbui    pane 

1:.  illustrated in  Figure  '> 

I FIST  Ribbon Para- 

chutes 

Perhaps  the  most  im- 

portant parameter in the  de 

sign of FIST   ribbon para- 

chutes   is  the geometric  po- 

rosity.     Therefore,   accu- 

racy was  emphasized when 

determining the open area 

within  the  boundaries  of 

the canopy. 

511    '»•.I   5  'O« 

^-.c 

o*<.oi   umtkci  »AMI 1 

Figure  9-     Panel  Layout   -   Guide Sur- 

face  Ribless  Parachute 

WADC TR 58-5.^ 3 1 



. 

WADC TR 58-53Z 32 

--- 



The canopies were conatruttcd wnh radial,   hon/.ontal.   and v<-r- 

llcal  ribbons all of which were  considered impervious and a>»urnrd to 

have  zero material porosity 

Two types of FTS I   ribbon parachute» were dfnigned and teiti-d. 

The   regvilar canopy had horizontal   ribbons equally   spat rd from  vent  to 

skirt and was  denoted by a single  porosity  value       A  typi« al  Run-  layu ;t 

is  shown in figure   10.     In thr modified canopy two  val u-s  of rqua!   rib- 

bon spat ing existed.      The one spacing applied to the < rown  rrguui  from 

Sff    TAHK     •»    »O« 

*jbk - 'HH 

l0i^Wf 
figure   10.    Typical Gore Layout -   FIST  Ribbon Parachute- 

the  vent  radius to approximately two-thirds  the diameter.     Tbc  second 
spacing applied to  the  skirt area  from  two-thirds  the  diameter  to the 

base of the gore.     The porosity of the skirt and crown were calculated 
by treating the whole parachute as  two individual  canopies.     A  typical 
modified gore layout is illustrated in  Figure   II 

The  geometric  porosity,   number of gores,   flat  diameter,   mate- 

rials,   etc.,   are listed in Table  5 for all  FIST  ribbon parachute.-, de- 
signed for  the  test program. 

Although the following example applies to the Z4 gore, 3.66 foot 
diameter FIST ribbon parachute, the same method and formulas were 

used to estimate the geometric porosity of all  the FIST canopies. 
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■HMMM»"    ••■ 

U>vT 

sec UBti 4 roR 
PC»»Ti««CNt   OiWIXSONS 

fouai RIBBON 
r>PflCiNG   FOR        _ 
SKIRT      b" 

i   0     D   i        '80 (—-Rv)cos_ 

_   FOUAL RIBBON 

SPACING TOR 

CROWN    t) 

figure   11.    Typical Gore  Layout  -  FIST Ribbon Parachute 

Initially,   the materials  were selected,   the numhc r of gores were 
established,   and the diameter was  tentatively fixed.     The desired geo- 
me tricporosity,   X n   ,   A'as   19 percent of the total flat area. 

The flat area of the canopy is 

nD 
S o 

o    (ginl80){cosi80      =    I502in2 
n n 

whe re 

D     -    flat diameter of canopy   =    3. 66 ft 

n   =    number of gores    =   24 

A3 a general rule the open area at the vent,   s,   is  1 percent of 
the flat area.    Or 

0.01   S 15.02 in' 

WADC TR 58-532 34 



ir, 

w 
CQ 
< 

W 

P 
X 
u 
< 

< 
a. 
y. 
o 
cc 

CO 

a: 
W 
H 
< 

Q 

< 

cd 
H 
W 

O 
w 
Ü 

nr ; i 
**   - 

• • — ■,• 

.- 

..; 

8 

f       Q 

i   2 

4 • 
1 • 

-iS 

-«§ 

«S 

3 

- 

1  'i.o 

■« ^ o 
3.2 

-> 1 

o   U 

"32 

- "ao 

o -J o 

o   Z 

o   11 

•• 

Ho      - 
o 3i0 

° -a 

o -a 

a 

-  9 

I 
* s 

i 
t 

WADC TR 58-532 35 



i r-KWiMi  mi 

area 
Th« vcn. r.diu..  Rv.  requlr<!<l lo ylt?|d ^ 15 02 ^ o( ^ 

0. 5 W 
R. 

Hin 

VL 

180 
n 

0,01 S 

180 
<> 

< o a 
n n (.m i«0 , ,cos M, 

n n 

4. 13 «n, 

.';";:::::::Wvi-,s 'ht- w'd,h of ^'— -..•..»„„ „... .ross 

Th. 
»e spacing between horizontal ribbon;»,   bi,   is approximated in 

terms of desired geometric porosity, \g ,   horizontal  ribbon wii 
W^.  ,   and vertical  ribbon width. W dth, 

VT- 

WHR 

lUOa 0. 600 

(W VT  f  a>    (Xg +  k) 

a    =    spacing between vertical  ribbon: 

k    -    scale factor for 

;    1.5 in. 

8. 3 small canopies 

The number,   m ,   of horizontal   ribbons  which will fit in the s 
between the vent and skirt is pace 

a 
m~- 

[   ? 
Kv/ cos +  b 

n 
WHR *  bl 

^     11 (nearest whole integer) 

The ac.^1 equal spacing of the 11 hori.on.aj  ribbon,, i, 

b       = 1 
m-i" L     2 

u    \            180 -   Kv,,   cos      - m  W 
n HR 0. 668 in, 
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Th«* area »um of gcorm'iru  upeiungi.  A       ,   txtwrn. hfri/nt.t. 

ribbont« (ncßli-i tu\>» the arra bloi kctl by  vi-rtual   t.i[)i ^)  i r< 

A0H       bn m- 1 [(Kv '—^ i n 
8U UK.. 

I8Ü   J 
^H^   in 

fhi- open area  blocked by vertical   tapes.   A        ,   is  the  prod n t 
H v 

the  hi n/.ontal   ribbon  spacing,   b,   .irul the  ^crtu al  tape  wuith,   W 
limes   'he nutnber of blocking elements,   >», 

V 

BV gb W 
VT 

1 i I   0 in 

Finally,   the geometric  porosity i-. 

X^ (S   '   AOH  -  ABV)     S 

00 
l). L   [je re ent 

The  porosity may be  refined to any exact  value by adjusting the 
diameter and ribbon spacing.     In some cases  the width of the   radial 
ribbon was   reduced yielding  as  much as   8 percent more open aria. 
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APPENDIX II 

RIGID PARACHUTE MODEL DESIGN 

The mod»* I wa« dentgncd lo N until Air a parachutr with an in/lairfj FIST 
Ribbon typ-- ( anopy. Every aitertipl ■'■•«• made lo achicvt* a rcaliniu rpplica 
with no deviation» except where »trength of/abncation requirements neces- 
sitated it. 

Originally it was specified that the canopy of the mocVI be designed so 
that the poroaity could be varied automatically from controls located oit.id«- 
the test section of the wind tunnel.    However,   ae rodynap-iic limitations on the 
geometry of any «ystem that might be used to accomplish thus,   so compl :< at- 
(V the design that thib  feature was eliminated.    It was  then decided to pattern 
the canopy after a  3.66 foot diameter,   FIST ribbon canopy composed of 
twenty-four  1  inch  radial  ribbons and eleven 1  inch horizontal  ribbons spaced 
to provide a porosity of 20 percent.    A typical gore layout i •> shown ;n Figure 

The canopy was made from a 
stainless steel spinning in ""Kch a pat- 
tern of rectangular slots was  cut to 
form  the  ribbons (see  Figure  13).     The 
vertical  ribbons,   normally found or. all 
FIGT type canopies,   were omitted to 
facilitate fabrication.     The  vent area of 
apex of the canopy was left solid so that 
the canopy could be attached to the wind 
tunnel sting.    The contour of the canopy 
was  that formed by the gore centerlines 
of a solid,   flat,   circular type parachute 
canopy.    The construction details, 
shown in Figure  14,   were based on in- 
formation obtained from Reference 9. 

Three separate aets of 1/8 inch 
diameter suspension lines were designed 
for the model.    Each set of lines was of 
a different length but was otherwise iden- 
tical in every detail.     This was done to 
permit an investigation of the effects of 
suspension line length on the aerodynam- 
ics of the model.    Particular care was 

POWOSITV-M* 

O 

CD 

POROSITY-24% 

Figure 12. Typical Canopy Gore 
Layouts Showing De- 
tails of the Slots 
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3 5» *=>  O   CD   C=>   C^  O  OC^ 

C=D dz? a_33^ 

BEFORE   MODIFICATION 
POROSITY-ZOV» 

AFTER   MOOif :CATiON 
POROSITY    ^M"/. 

Fimir«'   13      Canopy Configurations   Befon- and Afti-r Modifualuj 

taken to design suspension line 
attachments that were aero dy- 
namically clean and would per- 
mit  the  lines   to be  easily at- 
tached to the canopy.     The al- 
ia« hment  at  the confluence 
point of the  lines  also contained 
a  feature which would permit 
the  geometry of its  apex  to be 

tachment (refer to Figure   15), 
used at the canopy end of the 
lines,   was  not quite  satisfac- 
tory from  an aerodynamic 
standpoint,   its size was  dic- 
tated by strength require- 
ments. 

The model was built to a 
scale of 1  to 3.66      This  scale 
was  used since it provided the 
largest model that could be 
conveniently accommodated in 
the high-speed test section of 
the Langley wind tunnel. 

Sfl    NOTf 

-   0 095 

i i i j r °™\ u -!."" 1 
'   0  i4() 

7-J 
5 660 

U- i  550  -|   ' 

ii 
•fp- 

8 000 

0 ?00 

NOTE CANOPY   CONTOUft    rOMCO   lY    THE    QOMC    CeNTCBVINtS   Of    A 
fUU-Y   NVLATC0  ^LAT    TYPf   T-T    CANOPY   («FCRINCC   ») 

I                   RADtAL    LCOCNO                    I 
wot* TO LICNOTM     UK.) 

0 I 4 000 
0 «I 000 
0 « C45 
0 * 0*i 
0 1 92S 
0 i   7 70 
0 3 595 
0 J SB9 
0 5  395 

Figure   14.     Dimensional Details of the 
Canopy Contour 
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APPENDIX III 

STRESS ANALYSIS OF AN 8 INCH DIAMETER RIGID PAKACHU IK MODKI. 

This analysis covers  the strength of a  rigid pararhuti' modi'I mulrr 

room temperal'i re conditions and a dynamic pri-nsurr of  100 lb/ft   .     Whilr 
tin-  entire  strut tun: of tht- model has  been thoroughly rxamim-d,   this analy- 

sis   n-ports orvly on the more critical components. 

It is  believed that the nu-thods used in this  analysis  an' obvious  with 

the possible exception of the calculation of the discontinuity  stresses   in  the 

canopy.    A complete discussion ot the method used to calculate  these 

stresses can be  found in Reference  10. 

While this analysis was  based on a dynamic pressure of  100 lb/ft"  the 

conservative  techniques vised in calculating both the stresses and the aero- 

dynamic loads  make  it possible to  safely test up to a dynamu   press,ire  ol 

100 lb/ft2. 

A Sfmg Adapter Components 

CANOPY 

CANOPY-STING   BOLT 
PT    NO,   597-4884 

Of the various  sting adapter components,   the  canopy-sting bolt 

developed the more critical stresses.     Below is a free body of this 
component. 
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M    o   2l8»n./lb 

H    -    33 lb 

V    =   22 lb 

DIA. 0. 67 in 

Canopy-Sling Bolt Material - AISI 4130 Steel 
Yield Strength -  52000 lb/in2 

The stress developed by the horizontal and vertical forces  H and 
V is not significant and can be ignored.    By assuming that the moment 
M develops  pure bending in the bolt,   which is  not strictly true,   but it 
is conservative to do so;  the maximum  stress was  found from the 
expression 

CTb 
M^ 
Z 

whe re 

er b   =    maximum fiber stress 

M    -    bending moment 

Z    =    section modulus 

Calculations : 

crb    - 
218 ,    2 

•  =    7500 lb/in 
0. 029 

Safety factor 52000 
7500 

6.9 
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D.        Cano ÜL 

Of all the canopies conMidcrftl for (csUng,   the canopy with a fjorr 
design aa  shown below wan  found to be the must < ntital 

2 

W Ü   J 7 3 i i ii, 

Critical Gore Configuration 

This  gore  is   formed  from  Zl   radial   ribbons   with only one  horizontal 
n bbon located at the mouth or skirt of the < anopy 

H U. 41  11) 

M0 -    4.6 in-lb/m. 
Vo -    U. 67 Ib/m 

M j 10. 4 in-lb/m 
V] ■1 lb/in. 

P 100 Ib/ft^ 
t 0   09 3 m 

Free B(;dy of the Horizontal  Ribbon 

C.inopy Material -  302 Stainless Steel  Yield Strength -   80,000 Ib/n/ 
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I 

M 
H ■ 0.41 lb 
'/ ■ 11 in/lb 
I B 4.3 lb 
P s 100 lb/ft 
t - 0.093 in 

i< S 4 in. H 

Free Body of the Radial  Ribbon 

Canopy Material -  302 Stainless Steel Yield Strength -  80, 000 lb/in' 

The magnitude» of the moments and forces shown above were 
obtained from a comnderation of the deflection and rotation of the 
canopy  ribbons and the 24 riser lin^s.     To calculate these quantities 
the horizontal  ribbon was  treated as a short cylinder and the  radial 
ribbons were considered as thin curved cantilever beams.     The 24 
riser lines were assumed to be simply supported beams with an edge 
moment at the canopy end of the lines (see Section C). 

1 Radial Ribbons 

The horizontal and vertical forces do not significantly 
influence the stress in these  ribbons and can be ignored.    The 
edge moment M^ developed a bending stress   crb   as follows: 

crb 
M- 

whe re 

crb 
M2 

Z 

=    maximum fiber stress 
-    edge moment 
=    section modulus 
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CtlciUtion: 

ab   -- [[.       -    n.WL \b/inZ 

0   0004 

Safety  Factor i^O      :2<q 
Z7S0Ü 

Ignoring the influence of the  nser hnea and th«- huri/nnta' 

ribbon,   the maximum   fiber stress m the   radials  due to thi- 

pressure  p is  given by 

t t 

whe re 

<J - maximum normal stress 
p = pressure 

R = ribbon  radius 
t - material  thickness 

Cal culatiun 

cr =    0.694   (-^4^7 ) ( !   4      U II 

0.094 o cm 
7 5 7 0 lb, in 

Safety  Factor 
8U0Ü0 

7570 
10   () 

2, Horizontal  Ribbon 

Assuming that the horizontal   ribbon floes  nut  bend or twist 

and that each cross  section of the   ribbon  rotates   in  its  own plant; 
about its centroid,   the maximum  normal  stress  car, be  found 

fiom  the  following expression: 

cr R_ 
Z 

w 
(Vj  -   Vo)    -?    f Mj  - M 

fj 
, JL  (v.+v ) + piL 

Wt '     0 t 
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where 

a 
/. 
R 

V,   and V I o 
M ,   and M 

1 o 
P 

W 
t 

maximum normal »tress 
«ection modulus 
ribbon radius 
edge shear/length 
edge moment/length 
ai r pressure 
ribbon width 
ribbon thickness 

Calculation: 

a r 
0.001164 

(4-0.67) 0.273 +   10. 4 

+    4(4^0.67) 0. 694(4) 
O.Z73(0.094) 0.094 

Safety Factor 

a-   Z2Z00 lb/in 

80000 
2Z200 

3.6 

u. Riser Lines 

I = 21 in. 
DIA. = 0. 125 in. 

Mc = 4, 87 in/lb 
W ~ 1 . 53 lb 

CLEVIS 

RISER  LINE" 

Free Body Diagram ol the  Riser Lines 

Riser Line Material -  440-F Stainless Steel Yield Strength -   100, 000 lb/in2 
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The total load W was found by aniMtming that the* prertmirc ds«- 
tribution along the length of the line was uniform.    The edge moment 
M was obtained by uaing the technique dencribed in Section D.    The 
maximum bending stress at any section can then be found from the 
following equation: 

crb 
1_ 
Z 

W 

2 
{ X M. X 

T 
whe re 

7b 

w 
Mc 

X 

maximum bending stress 
section modulus 
total load 
end moment from the canopy 
total line length 
distance to any section 

Calculation: 

The maximum stress  was found at X    =    Ob 

a h 
1 

0.0001918 
_l_53    (0_5.0^5 

-  ■}. 87     { 1 
21 

ü   b 

"JT .-) 

crb 
=    2160Ü lb/in2 

Safety Factor    = 
100000 
21600 

-    4.6 
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APPENDIX IV 

EXPLANATION FOR REDUCED DRAG AND INFLATION CHARACTERISTICS 

Study and analysio of tho reduced drag and poor inflation characteris- 
tics exhibited in these programs have resulted in the explanatory discussion 
which is presented in the lollowing pages. 

A possible explanation for the occurrence of reduced drag on the para- 
chute in supersonic flow considers that the parachute acts similar to a blunt 
body with a nose spike mounted ahead of it.    The NACA has conducted several 
programs  wherein blunt bodies with attached nose spikes have been tested to 
investigate means of reducing the drag of supersonic missiles having blunt or 
rounded noses.    Experimental data have been obtained which show that defi- 
nite decreases in drag result from tests of nose spike-blunt body configura- 
tions.    Obviously,   the flow patterns obtained from such tests were affected 
by a number of variables such as  rod length,   cone size,   Mach number,  and 
Reynolds number.    Other agencies such as the Ballistic  Research Labora- 
tories,  Aberdeen Proving Ground have conducted similar investigations. 

Reference 3 through 6 are  reports of snm*1 of the tests made by the 
NACA and Ballistic Research Laboratory.    Reference 5,   in particular points 
out the effects which may be achieved by placing a small cone on the end of a 
rod mounted ahead of the blunt body.    Reference  5 explains that the action 
which takes place when a small cone is mounted symmetrically on a rod 
ahead of a blunt nose involves the  replacement of the strong detached shock 
wave of the blunt body by a conical shock w^ve.    Figure  16 shows a sketch 
of typical shock wave patterns for the parachute case as obtained from the 
Langley test program.    This sketch points out the similarity to shock wave 
patterns of Reference 5 and also illustrates two variations in shock pattern 
which occurred because of fluctuation and distortion of the shock waves at 
particular Mach numbers.    Shock waves labeled with the number 1 indicate 
one variation while the other variation is identified by the number 2.    The 
influence of these random variations in shock pattern upon the drag and in- 
flation characteristics is not fully known because drag measurements were 
not made during the test program at Langley.    It is anticipated, however, 
that the effects are such as to cause further/and varying reductions in the 
drag and inflation characteristics of the parachutes.    The shock pattern 
designated as number 2 j.n Figure 16 is assumed for the following explana- 
tory discussion. 
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MüMBt^S   0   AND   (?)   DENOTE 
SHOCK   Wfiv t    RUT TERNS   WHICH 

EmSTED   FROM    TIME    TO   TIME 

ÜUHiNG     TtSTS   OF   METAL    CANOPY 

MODEL    WITH   ATTACHED   I 0 DQ    L 

Figure   16.    Sketch Showing Two Shock. Pattern Variations Occurring at a 
Particular Mach Number (Rigid Canopy with 1.0 D0 Lines) 

As stated previously,   the explanation for the  reduced drag experienced 
by test parachutes in supersonic flow considers that the parachutes acted 
similar to blunt bodies with attached cone-tipped rods.    The similarity is 
realistic because the metal parachute canopy and attached  1/D0 -   1-0 steel 
rod lines chosen for comparative purposes have a conical nose piece which 
holds the lines together at the confluence point.     In addition,   it can be as- 
sumed that comparison of the fabric parachutes tested at Lewis with the 
blunt body nose spike configurations of Reference  5 is   reasonable since  the 
suspension lines  tend to form a small  cone whose apex is  identical with the 
confluence point.     Thus,   a flow separation cone is created ahead of the 
parachute which by geometry will permit a reasonable  comparison with 
models of Reference  5. 

The  Reynolds number of a blunt body with attached cone-tipped rod 
(Reference 5) is generally in fair agreement with those of the test para- 
chutes.    It is  reasonable to assume,   therefore,   that Reynolds number effects 
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on drag arc? negligible and that the drag coefficients of Reference 5 are appli- 
cable to comparison with the value» obtained for the fabric test parachutes. 

Before correlation of the drag data of Reference 5 with parachute data 
could be attempted,  it was necessary to establish certain ratios which could 
provide a mean» of establishing mutual   relationships between the configura- 
tion» of Reference 5 and the teat parachute».    The fineness ratio of the cone 
or simulated cone in the case of fabric parachutes (Ic/dc) and the  ratio of the 
distant, e between the cone base and body (L/dp) were computed for eight 
models of Reference 5,   five fabric test paracnutes and the rigid test canopy 
with 1.0 D   lines.    These values have been plotted in Figure  18.    Sketches 
of typical configurations which show the pertinent dimensions are also in- 
cluded in this figure. 

By assuming linear relationships the models of Reference 5 may be 
represented as shown in Figure  18 by a family of "two point" curves with the 
cone apex angle as a parameter.    It may be seen from Figure  18 that the 
points plotted for the parachutes are in good agreement with the Reference  5 
curves  shown.    Further examination of Figure  18 indicates that all ribbon 
test parachutes have points which are in good agreement with the      a  = 40° 
curve while the Guide Surface Ribless parachute approaches  the 50 degree 
curve.    This corresponds closely with apex angle calculations based on the 
parachute geometry as represented in Figure  17. 

The above and Figure  18 indicate 
that the comparison of the drag of a rib- 
bon test parachute with that of Model 3 of 
Reference 5 should be a logical one.    Dif- 
ferences in the L/d    ratios of these para- 
chutes and Model 3 are  relatively small. 
The drag coefficients obtained at a Mach 
number of 3. 5 for four ribbon test para- 
chutes with porosities of 10 to 30 percent 
varied from 0. 20 to 0. 34 based on the 
maximum frontal area of the parachutes. 
The drag coefficient value of 0. 181 given 
in Reference 5 for Model 3 is in good 
agreement with the lower end of this 
range of parachute values but in disa- 
greement with the remainder of the 
range.    It is expected that, several far- 
tors such as parachute porosity,  accu- 
racy of wind tunnel drag data,  etc. , 
are largely responsible for the dis- 
er<ipaacies between test parachute and 

t,  - rnojrcuo cm wrt'TCD "ABiCHuTf   oiawm» 

t, - JUSPfNSION   LINt    LENOTM 

a - «P£«   »MRLE    Cm«7ED   «"   OUTtHMOST   LINES 

/c - LEWH   0»   HOSE    CONE 

«, ■ B»5(   0'4M( IE"  Or   MOSE   CONE 

Figure 17,    Parachute Geometry 
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NOTE:   NUMBERS IN   PARENTHESIS   REFER  TO 
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0.6 0.8 1.0 1.2 
1.6 

L/dp -DISTANCE   FROM  CONE   BASE TO   BODY   IN  TERMS 
OF   BODY   OR   PARACHUTE  MAXIMUM  DIAMETER 

t-  c/) 
V)   Ul 

I 

-1 

< 
a: 

LANGLEY 
MODEL 

NOMENCLATURE 

SYMBOL 

m 

UJ 

4S> 

A 

ITEM 
3.66 FT. 24   GORE   RIBBON 
PARACHUTE   
3.66  FT. 16   GORE 
PARACHUTE 

RIBBON 

3.92 FT.  16   GORE  RIDBON 
PARACHUTE^ 
4.00 FT 16  GORE  RIBBON 
PARACHUTE   
3.25 FT,  16 GORE GUIDE 
SURFACE   RIBLESS PARACHUTE 
1.0 FT.  RIGID  CANOPY   WITH 
1.0 Do  SUSPENSION   LINES 

CONE-TIPPED   ROD  AND 
BLUNT-BODY  CONFIGURATIONS 

SKETCH   OF   CONFIGURATION I 

* 

' 

Figure  18.    Correlation Ratios for Comparison of Test Parachutes with Cone- 
Tipped Rod and Blunt Body Configurations of Reference  5 

Reference 5 data.    The Cj-v value of 0   181 given for Model 3 was approxi- 
mately 34 percent of the value obtained for the basic blunt nose of Reference 
5.    On the basis of the above comparison and depending upon their porosity, 
the ribbon test parachutes can be assumed to have developed only about 35 
to 60 percent of their full drag potential. 
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APPENDIX V 

THEORETICAL METHOD OF DETERMINING CANOPY POROSITY 

Theoretical knowledge of the porosity required to achieve How condi- 
tions which yield zero spillover can be obtained by assuming Mach 1.0 flow 
through the canopy slots.   The method and sample calculation which follows 
illustrates the technique by which the theoretical porosity can be calculated 
as a function of Mach number.    The following sketch may be used to repre- 
sent the flow conditions. 

FLOW 

DIRECTION 

NORMAL 
SHOCK 

— CANOPY  SLOTS 
/    (^CONDITION) 

Regions (1) and (2) of the sketch refer to conditions ahoad of and behind the 
normal shock,   respectively,  while the symbol (*) refers to conditions at the 
throat or,  in this case,  at the slots in the canopy.    The following symbols 
are utilized in this calculation: 

A = cross-sectional area 

V = velocity 

P = density 

T = temperature 

M = Mach number 

a       =   speed of sound 

Xg       =   geometric porosity 

Subscripts  1,  2 or * are used with the above symbols to identify a major 
symbol with a particular region in the above sketch. 

Since the mass flows through the various regions as indicated in the 
sketch must be the same in steady flow,   then 
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PiAlVl   =  P2AZVZ   -   P0AS, (1) 

Since it is desired to determine the slot urea (A^) required to give Mach 
number 1.0 flow through the »lot» and since 

'i Vi = ''»V. 

then 

= />♦** P*** 

Piyi       ^1Mla] (2) 

Since A^    =   A ,        and A      -   projected or frontal area (AD) of the inflated * slots I 
parachute,   then Equation (2) can be solved for A^ or Agjols in terms of A 
or Ap as follows: 

slots 

A.P.M.a, 1    1     1   i 

(3] 

The geometric porosity (X   ) which is  the ratio of slot area (Asjot) to the 
constructed area of the parachute (A   ) can be obtained as follows.    Since for 
ribbon type parachutes, 

A,    =   Ao  =   -   A, 

then substitution in Equation (3) for A,  gives 

A*    "   A8lots 

4/9 A   P .Mia, o     1     1   1 

Rearranging 

slots    =   i   (-^)(-i)  M.    =  Xo 
A. 9      P  *     **        > § (4) 
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The •olution of Equation (4) for a pirticuUr Mach number (M.) tnvolvei 
the determination of the ratios   P^p   ,   and aj/a^.    Thie can be done by 
utilization of the compreasible flow equation» and table« of Reference 11.   An 
initial Mach number (Mj) of 3.0 has been considered in the following example. 
Since the pertinent ratio« of Equation (4) cannot be obuUned directly from 
Reference 11, Home manipulation ia necessary to achieve them.    The density 
ration   P \/P + can be obtained from the following expreasion 

Pi Pi        Pi 

P* Pi       P* 

The reciprocal of the   P {l P i term can be obtained from Reference 11 

Pi 
—    -   3.857 

or 

P\ 1 
pz 3.857 

=   0.258 

The value of  P^P ^ can be obtained in terms of total density { ^.) as 
follows; " '  *      = 

1L       P 
/p*/P^ 

From Reference 8 then for M      =   0.475 

Pi 
     =   0.896 
P + 

and similarly for M*    -    a.    =    1.0 

P* 
=   0.634 

P\ 
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0.896 
0.634 

1.41 

therefore 

Pi Pi Pi 

P * PZ        P * 
--   (0.258)   (1.41)    =   0.364 

A value of the a, /a .   ratio for a Mach number (M,) of 3. 0 can be 
obtained as follows: 

I 1' 

a« a2 

a,    a 

•     /T2 

1        "2   "l T2'    Tl 

The T^/Tj  term is obtained in terms of T+ from the expressions 

T 2 1 

1.4-1 
1 +(-- (3.0)' 2.8 

T 

T 
1-     =   (l+4lL   Mf) 1.4-1 2 

1 +{ ) (1.0) =    1.2 

Therefore 

VTi 
T

+
/T* 

2.8 
1.2 

=   2.33 

and 
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The ratio dciircd it equal to <he reciprocal of  a^/aj   thus 

Substitution of the pertinent values of  ? 1/p + and aj/a^ in Equation 
(4) and solving gives a porosiiy value for a Mach number of 3.0 

A.,..., A     P )       a,       .. 4 'slots =  i ,JLl)illy    M,    =  1   (0.364)   (0.66) 3.0   =   0.32 
Xg " 7      ^TV1^'     '     ' 

The above calculation shows that a theoretical porosity of 32 percent is 
required to achieve zero spillover flow conditions for an initial Mach number 
of 3.0.    Similar calculations for other Mach numbers have given additional 
porosity values which are represented by the curve shown in Figure 19. 
Figure 19 shows the variation of calculated geometric porosity with Mach 
number for a Mach number r^nge of 1. 5 to 4. 0. 

4.0 

MACH    NUMBER 

a igure 19.    The Parachute Geometric Porosity Required for Zero Spillover 
as a Function of Mach Number Assuming Mach 1.0 Flow through 

Canopy Slots 
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